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Abstract The Two-Column Aerosol Project (TCAP), conducted from June 2012 through June 2013, was a
unique study designed to provide a comprehensive data set that can be used to investigate a number of
important climate science questions, including those related to aerosol mixing state and aerosol radiative forcing.
The study was designed to sample the atmosphere between and within two atmospheric columns; one fixed
near the coast of North America (over Cape Cod, MA) and a second moveable column over the Atlantic Ocean
several hundred kilometers from the coast. The U.S. Department of Energy’s (DOE) Atmospheric Radiation
Measurement (ARM)Mobile Facility (AMF) was deployed at the base of the Cape Cod column, and the ARMAerial
Facility was utilized for the summer and winter intensive observation periods. One important finding from TCAP
is that four of six nearly cloud-free flight days had aerosol layers aloft in both the Cape Cod andmaritime columns
that were detected using the nadir pointing second-generation NASA high-spectral resolution lidar (HSRL-2).
These layers contributed up to 60% of the total observed aerosol optical depth (AOD). Many of these layers were
also intercepted by the aircraft configured for in situ sampling, and the aerosol in the layers was found to have
increased amounts of biomass burning material and nitrate compared to aerosol found near the surface. In
addition, while there was a great deal of spatial and day-to-day variability in the aerosol chemical composition
and optical properties, no systematic differences between the two columns were observed.

1. Introduction and Motivation

The largest magnitude of the uncertainty associated with anthropogenic aerosol radiative forcing in regional and
global models is found downwind of the primary urban emission sources, including the eastern edges of Asia,
Europe, and North America [e.g., Myhre et al., 2013; Schulz et al., 2006]. Recent efforts have also pointed out the
importance of elevated (in terms of altitude) aerosol layers on the Earth’s radiation budget due to their impact
on the vertical distribution of the scattering and absorption of sunlight by aerosol. For example, Samset et al.
[2013] show that much of the differences in radiative forcing among 12 different global models can be attributed
to differences in the vertical profiles of black carbon (BC) aerosol. To better constrain regional and global models
and to better understand the importance of aerosol mixing state (i.e., mixtures ranging from external mixtures, in
which each particle consists of a single compound, to internal mixtures, in which each particle consists of a range
of different compounds) and its effect on aerosol optical properties, field studies are needed to characterize aero-
sol chemical and optical properties over a deep layer of the atmosphere in the geographic regions where anthro-
pogenic effects are expected to be largest and model uncertainties are a significant concern.
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The U.S. Department of Energy’s Two-Column Aerosol Project (TCAP) was designed to use both surface and
airborne systems to provide keymeasurements of aerosol composition (including particle mixing state), aero-
sol size distributions, and optical properties (both local and columnar), and the cloud macrophysical and
microphysical properties that are needed to evaluate both detailed process models and three-dimensional
atmospheric models. The field campaign was designed to examine conditions within two atmospheric col-
umns. The first column was located over Cape Cod, Massachusetts, while the location of the second column
varied with conditions and was located several hundred kilometers away from Cape Cod over the Atlantic
Ocean. The distance between the columns was selected so that they would be in different model grid col-
umns for the current generation of global models so that their performance in simulating horizontal gradi-
ents in aerosol microphysical and optical properties could be quantified.

The region downwind of New England has been the subject of several different studies prior to TCAP. The 2004
New England Air Quality Study (NEAQS) was part of the larger International Consortium for Atmospheric
Research on Transport and Transformation (ICARTT) campaign, which included nine aircraft from North
America and Europe, and was focused on measuring the impact of North American anthropogenic emissions
and eastward transport of pollutant plumes from North America [Fehsenfeld et al., 2006]. One relevant finding
of NEAQS was that a large amount of the pollutant transport occurs above an altitude of 3 km, so that surface
measurements alone cannot be used to define the net exchange of gases and aerosol. In their analysis of ICARTT
data, Neuman et al. [2006] reported finding well-defined plumes between the top of the marine boundary layer
and an altitude of 3 km, with most plumes found at an altitude of 1.5 km or lower.

The 1996 Tropospheric Aerosol Radiative Forcing Observational Experiment (TARFOX) was conducted over
the western Atlantic Ocean with a focus on reducing uncertainties of the effects of aerosols on climate.
TARFOX included measurements of the chemical, physical, and optical properties of aerosol [Hobbs, 1999;
Russell et al., 1999a; Russell et al., 1999b]. One of the primary findings of TARFOX was the relative importance
of carbonaceous aerosol and aerosol water on the column aerosol optical depth (AOD) [Hegg et al., 1997;
Russell et al., 1999a]. Data collected during TARFOX were also used to document the relative importance of
aerosol layers, aerosol optical properties [Redemann et al., 2000b], and their impact on radiative forcing
[Redemann et al., 2000a]. Based on their studies of observed and modeled aerosol forcing, Hignett et al.
[1999] concluded that additional work was needed to fully examine the impact of aerosol mixing state on
radiative forcing. One drawback of this early TARFOX study was the lack of instrumentation available at that
time to adequately characterize the aerosol mixing state. Changes in power-plant emissions of sulfur dioxide,
which occurred after 2000, have also likely altered the aerosol mixing state and radiative forcing in the region
that climate models must accurately represent.

TCAP was designed to build on the experience of these important previous studies in a number of ways. First,
the TCAP flight patterns were designed to be very simple and repeatable with very close coordination between
the two aircraft that were used in the study. Rather than following a specific plume, aircraft missions focused on
profiles of aerosols and their precursors within two columns. Second, a number of new instruments were
deployed during TCAP that were not available during the previous studies, including an advanced NASA air-
borne sun photometer (the Spectrometer for Sky-scanning Sun-Tracking Atmospheric Research (4STAR))
[Dunagan et al., 2013; Segal-Rosenheimer et al., 2014; Shinozuka et al., 2013] and the second generation NASA
High Spectral Resolution Lidar (HSRL-2) [Müller et al., 2014]. Other instruments developed since TARFOX and
NEAQS that were deployed, such as single-particle mass spectrometers, allow measurements of the chemical
properties and mixing state of individual particles, enabling an unprecedented look at aerosol chemical and
optical properties off the east coast of the United States. TCAP included the deployment of the Atmospheric
Radiation Measurement (ARM) Mobile Facility (collectively AMF), a well-instrumented surface site, which oper-
ated nearly continuously from June 2012 through June 2013 to provide information about the annual cycle of
aerosol and clouds in the Cape Cod column. Finally, TCAP was designed to include both summertime (July) and
wintertime (February) intensive observation periods (referred to as Phase 1 and Phase 2 hereafter). Previous
field campaigns that focused on aerosol properties have often been conducted only during a portion of the
summer. One expects a large annual cycle of aerosol chemical composition and mass loading [e.g., Adhikary
et al., 2007; Zhang et al., 2007] and consequently aerosol optical properties due to seasonal changes in emis-
sions, ambient meteorological conditions, and the amount of sunlight available for photochemistry.

Thismanuscript has four primary goals: (1) to provide an overview of themotivation for TCAP anddocument the
instrumentation deployed as part of the study, including a description of the relevant sampling strategies
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focused on summertime conditions (Phase 1, section 2); (2) to place TCAP into the larger context of previous
field studies in the same geographic area, quantify differences in the aerosol loading, chemical composition,
and optical properties in the two columns and at different altitudes, and illustrate the importance of air-mass
history in interpreting the TCAP results (section 3); (3) to investigate the frequency of occurrence and the impact
of aerosol layers aloft on the aerosol optical depth (AOD) over the study area during Phase 1 (section 4); and (4)
to point to future research efforts involving the TCAP data sets needed to better characterize the sources of
uncertainties in simulated aerosol radiative forcing, improve the treatment of aerosol lifecycle in climate mod-
els, and better understanding of cloud-aerosol interactions (section 5).

2. Phase I Description

The instrumentation deployed during TCAP was provided by the Department of Energy’s Atmospheric
Radiation Measurement (ARM) program and included the deployment of the AMF [Mather and Voyles,
2012] and ARM Aerial Facility (AAF) [Schmid et al., 2014], which included the Department of Energy (DOE)
Gulfstream 1 (G-1) during Phases 1 and 2 and the NASA Langley King Air during Phase 1 only and additional
surface instrumentation deployed by teams of scientists from NOAA, the University of Colorado, and the
Massachusetts Institute of Technology. Complete descriptions of instruments deployed with the AMF over
the course of the entire study period and on the research aircraft during Phase 1 are presented in
Tables S1–S3 in the supporting information.

Throughout TCAP, the near-shore column was fixed over the Highland Center in the Cape Cod National
Seashore and is referred to as the “Cape Cod column.” During Phase 1, the second column was located over
the Atlantic Ocean approximately 200 km away from the first column (Figure 1) and is referred to as the
“Maritime column.” The second column was not fixed in space but rather was arranged to be either approxi-
mately downwind of the first column or across an anticipated aerosol gradient. Each column was sampled at
a number of different altitudes ranging from 100 to 200m above the surface to approximately 4 km above
sea level using in situ instruments aboard the G-1 aircraft, up to 8 km using the HSRL-2 on the King Air aircraft,
and to the top of the atmosphere using the 4STAR. The exact G-1 sampling altitudes varied from flight-to-
flight such that in situ measurements were made near the surface as well as in aerosol layers aloft.
Between the two columns, the G-1 aircraft sampled in situ the lowest levels of the atmosphere (from 100
to approximately 500m above the surface). The specific flight days and their orientation are given in
Table 1, and the individual G-1 flight paths are shown in Figure 1.

2.1. Phase 1 Aircraft Instrumentation

Two research aircraft were deployed by the AAF during Phase 1: the DOE Gulfstream 1 (G-1) and the NASA
Langley Research Center King Air. The G-1 was configured to make in situ measurements of aerosol optical
properties, aerosol chemical composition, aerosol and cloud (both liquid and solid) particle-size distributions,
cloud condensation nuclei (CCN) number concentrations, and trace gases as well as meteorological variables
such as wind speed, wind direction, temperature, and humidity. The G-1 was also equipped with the 4STAR
that can be used to measure the wavelength dependence of AOD for the depth of the atmosphere above the
G-1 as well as a number of other variables. A detailed list of instrumentation deployed on the G-1 is presented
in Table S3, and key instruments are described in more detail in section 2.2.1. The King Air was equipped with
two downward looking remote sensors, the HSRL-2, and the Research Scanning Polarimeter [Cairns, 2003;
Knobelspiesse et al., 2011] and flew a flight pattern along the same track as the G-1 but at a higher altitude
of approximately 9 km. The HSRL-2 is described in more detail in section 2.1.2.

The flight patterns used during TCAP Phase 1 were developed to provide measurements at a number of alti-
tudes in two atmospheric columns and were highlighted by the high degree of collaboration between the
two aircraft. On each flight the King-Air repeated a simple back-and-forth pattern above the G-1, similar to
the strategy used during the Cumulus Humilis Aerosol Processing Study [Berg et al., 2009]. In contrast to some
studies conducted in the region [e.g., Zaveri et al., 2010], TCAP was not designed as a Lagrangian study, and no
effort was made to explicitly find the pollutant plumes downwind of Boston or any other city. All of the research
flights were anchored at one end to the AMF site. The second columnwas selected on the day before each flight
based on the forecast of near-surface wind direction with the goal of sampling either along the mean wind
direction (along the general direction of transport), or across wind (across expected aerosol gradients). It is
important to note that in instances with large changes in the wind direction with height, the source region
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for aerosol in the residual layer and layers
aloft could be quite different. The alti-
tudes flown by the G-1 within both col-
umns were determined in real-time
using the in situ data and with guidance
from the operators of the HSRL-2 on
the King Air. This flexibility allowed the
G-1 to sample within aerosol layers aloft
detected by the HSRL-2. During the
portion of the flight between the two
columns, the G-1 flew within or just
above the maritime boundary layer sam-
pling the aerosol properties within 500m
of the ocean surface.
2.1.1. Gulfstream 1 (G-1)
The instrument payload on the G-1 was
selected to provide detailed information
about the aerosol chemical composition,
particle-size distribution, and aerosol opti-
cal properties. Aerosol chemical composi-
tion was measured using an Aerodyne
High-Resolution Time-of-Flight Aerosol
Mass Spectrometer (HR-ToF-AMS, i.e.,
AMS), a single particle mass spectrometer,
miniSPLAT [Zelenyuk et al., 2015], and a

particle-into-liquid (PILS) system. The amount of refractory BC (rBC) in the particle-size range of 100 to approxi-
mately 650nm [e.g., Lack et al., 2014] was measured using a Droplet Measurement Technology Single Particle
Soot Photometer [SP2; Moteki and Kondo, 2007; Schwarz et al., 2006]. It is important to note that the SP2 measures
the rBC using an incandescence technique, while miniSPLAT determines the number fraction of soot-containing
particles based on the individual particle’s mass spectra [Zelenyuk et al., 2015]. In the context of this work, we will
consider these two measurements to be of similar material.

An Aerodyne AMS measures the chemically resolved submicron nonrefractory particle mass loading (noting
that the AMS is unable to measure rBC) [DeCarlo et al., 2006; Jayne et al., 2000]. The AMS was operated only
in the V-Mass Spectrometer (V-MS) mode to maximize sensitivity and temporal resolution, but eliminating
the possibility of measuring size-resolved composition. Sample air was drawn from a one fourth inch stainless
steel pickoff line inserted into the center of the G-1 aerosol isokinetic inlet flow. To maintain a constant sample
flow through the instrument at each altitude, a pressure control inlet (PCI) was added upstream of the AMS
aerodynamic lens. The PCI reduced the pressure upstream of the lens to approximately 620 mb by pumping
a variable flow across a 200μm orifice. A second 130μm orifice operating under critical flow conditions is used
to meter 1.4 cc s�1 of sample flow into the AMS. The orifice sizes were chosen such that sample flow through

Figure 1. In situ G-1 flight tracks flown during TCAP Phase 1, with loca-
tions of the maritime columns indicated by the shading and line colors
indicating different days. The King Air flight track was approximately the
same as the G-1 track on any given day. The location of the Martha’s
Vineyard AERONET site (red circle) is shown for reference. The AMF was
located at the Highlands Center, Cape Cod National Seashore, MA.

Table 1. Flight Dates, Wind Direction, and Cloud Cover During the TCAP Phase 1 Intensive Observation Period (July 2012)

Date and Time (UTC) in 2012 Wind Direction and Cloud Cover

9 July, 16:59–20:26 Northwesterly winds and cirrus over flight track.
13 July, 14:58–19:05 Southwesterly winds and cirrus over flight track.
14 July, 17:10–20:19 Southwesterly winds and cirrus over flight track.
15 July, 14:01–17:20 Southwesterly winds. Cirrus over AMF, clear over second column.
17 July, 13:58–17:24 Southwesterly winds. Clear conditions.
18 July, 13:58–17:20 Northwesterly winds. Broken clouds over the flight track.
21 July, 17:04–20:08 Easterly winds. Cirrus over AMF, clear over second column.
22 July, 14:27–17:38 Southwesterly winds. Clear conditions
23 July, 14:00–17:15 Southwesterly winds. Cirrus over flight track.
25 July, 13:59–17:31 Northwesterly winds. Clear conditions.
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the AMS was identical to the flow at sea level and room temperature. Signal intensity is converted to aerosol
loading using standard procedures documented in the literature, either using unit mass resolution (UMR) signal
processing [Allan et al., 2004; Jimenez et al., 2003] or high-resolution signal processing [Aiken et al., 2007]. The
instrument ionization efficiency was regularly calibrated during the campaign using standard procedures and
monodisperse ammonium nitrate particles. Calibrations were stable during the campaign, so all calibrations
were averaged and a single calibration value was applied to all flight data. To account for real-time changes
in the instrument, the signal intensity at m/z 28 (N2

+) was normalized to the average value of the same signal
obtained during calibration runs to generate a real-time correction factor (i.e., the “airbeam correction”) that was
applied to in-flight data. Sample flow was periodically diverted through a HEPA filter during each flight to
remove particles from the airstream. Data collected during these filter periods were used to adjust the standard
AMS fragment table for interference from gas-phase species [Allan et al., 2004].

In addition to the AMS, a single particle mass spectrometer, miniSPLAT [Zelenyuk et al., 2015], was deployed on
the G-1. Unlike the AMS that provides information on the bulk aerosol composition, miniSPLAT measures the
vacuum aerodynamic diameter (dva) and composition of individual particles from 50 to 2000nm in aerody-
namic diameter. The miniSPLAT works on the same scientific principles as SPLAT II [Zelenyuk et al., 2009], but
has been significantly reduced in both size and weight to improve its suitability for aircraft use [Zelenyuk
et al., 2015].

The miniSPLAT is described in detail elsewhere [Zelenyuk et al., 2015]; here we give a brief overview of the rele-
vant points. It uses an aerodynamic lens inlet to form a low divergence particle beam and transports the particles
into the vacuum systemwith extremely high efficiencies. The aerodynamic lens imparts each particle with a velo-
city that is a narrow function of the particle’s dva. Two optical detection stages are used to determine particle
velocity, and thus its dva, and to generate a timed size-dependent trigger that fires the desorption/ionization exci-
mer laser. The resultingmass spectra of volatile and nonvolatile fractions of individual particles are acquired using
a dual-polarity Z-configuration time-of-flight (Z-TOF) mass spectrometer.

In addition to these measurements of single particle sizes and compositions, miniSPLAT provides information
on the number concentrations of particles larger than 100 nm in diameter, particle, size distributions, densi-
ties, and asphericity at a rate determined by the ambient particle number concentrations and instrument
detection efficiency [Vaden et al., 2011a, 2011b].

The measurements of particle density are especially useful when applied to composition-resolved size distribu-
tions. These densities, together with themass spectra, are used to obtain quantitative information on individual
particle compositions and to determine relative amounts of components in internally mixed particles [Earle
et al., 2011; Vaden et al., 2011b; Zelenyuk et al., 2010].

TCAP Phase 1 was the first field deployment of miniSPLAT. It was used on all 10 research flights, sized approxi-
mately 32 million individual particles, and characterized size and mixing state of about 250,000 particles.
While the vast majority of aerosol particles were composed of oxygenated organics mixed with various
amounts of sulfates, as will be discussed later, miniSPLAT also detected and characterized fresh and aged
soot particles, biomass burning aerosol, organic amines, as well as a small number of dust and sea-salt par-
ticles [Zelenyuk et al., 2015].
2.1.2. King Air
NASA Langley recently developed the first airborne multiwavelength high spectral resolution lidar (HSRL).
This instrument, called HSRL-2 (the second-generation HSRL), is an advanced version of the airborne HSRL-
1 instrument [Hair et al., 2008] that has acquired aerosol and cloud profiles on over 350 flights conducted
on numerous field missions since 2006. In addition to implementing the HSRL technique at 532 nm as done
on HSRL-1, the HSRL-2 also implements the HSRL technique at 355 nm, thereby enabling independent,
unambiguous retrievals of aerosol extinction and backscatter at both wavelengths. It also employs the stan-
dard backscatter technique at 1064 nm and is polarization-sensitive at all three wavelengths. Consequently,
HSRL-2 provides profile measurements of aerosol extinction and optical thickness via the HSRL technique at
355 and 532 nm, and profile measurements of aerosol backscatter and depolarization at 355, 532, and
1064 nm. Data are acquired at 15m vertical and 0.5 s temporal resolution. The vertical resolution of the
derived aerosol backscatter coefficients and depolarization measurements are 15m, and the temporal aver-
aging is 10 s (about 1 km horizontal) [Rogers et al., 2009]. The aerosol extinction profiles are computed at a
vertical resolution of 150m, and the temporal averaging is 60 s (about 6 km horizontal) [Rogers et al., 2009].
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The vertical and horizontal resolutions can be varied to suit different applications. These data sets are utilized
to better understand the aerosol properties through the entire column and will provide valuable information
for evaluating the performance of both regional and global scale models in regards to aerosol optical proper-
ties as well as the vertical distribution of aerosol.

2.2. ARM Mobile Facility (AMF) Instrumentation

The AMF [Mather and Voyles, 2012] was deployed at the base of the Cape Cod column to document the meteor-
ological and aerosol properties within the column during the full 1 year deployment and to provide the context
for the airborne observations by the AAF aircraft. The AMF includes over 46 instruments or instrument systems
(Table S1) and has been utilized at a number of locations around the globe since its first deployment in 2005
[e.g., Berkowitz et al., 2011; Li et al., 2011; Miller and Slingo, 2007; Slingo et al., 2008]. The AMF includes a unique
suite of cloud radars, which include a dual-frequency, scanning W band (95GHz) and Ka band (35.3GHz) radar,
and one profilingWband radar. The suite of cloud radars provides an unprecedented set ofmeasurements of the
cloud properties near the eastern seaboard of North America. The scanning ARM cloud radars (SACR) [Kollias
et al., 2014a] were added to the AMF in September 2012, and TCAPmarks their first operational deployment with
the AMF, and details related to the radars are presented in section 5. The AMF includes a full suite of radiometric
measurements to fully characterize the surface radiation budget, including a Cimel Sunphotometer and Multi-
Filter Rotating Shadow Band Radiometer (MFRSR), which can be used to determine the AODduring clear-sky con-
ditions. During TCAP, a secondmodifiedMFRSR and a downward facingmultifilter radiometer were deployed by
NOAA from 9 July through 6 September 2012. This system included an additional long-wave channel at 1623nm.
The Cimel Sunphotometer operated by ARM is identical to those deployed as part of the Aerosol Robotic
Network (AERONET).

The AMF includes a suite of instruments, called the Aerosol Observing System (AOS), for measuring particle
size and concentration, hygroscopicity, number of cloud condensation nuclei (CCN), and aerosol optical
properties. The AOS samples continuously employ two impactors to remove particles larger than either
1μm or 10μm in diameter, respectively, from the sampling stream. The configuration of the ARM AOS is
described in detail by Sheridan et al. [2001], and a list of instruments can be found in Table S1. The AOS
was designed to provide long-term measurements of key aerosol parameters with minimal involvement
from operators.

Recently, the ARM program developed the freestanding Mobile Aerosol Observing System (MAOS). The MAOS
was designed to provide detailed measurements of aerosol properties and trace gas chemistry over time per-
iods on the order of several months. During TCAP, the MAOS was operated during Phase 1 and Phase 2 to coin-
cide with the deployment of the research aircraft. The suite of instruments, listed in Table S2, provides
measurements of particle-size distributions from 15nm to 1μm using a Scanning Mobility Particle Sizer
(SMPS) and ultra-high sensitivity aerosol spectrometer (UHSAS), CCN number concentrations, and aerosol opti-
cal properties (including three independentmeasurements of aerosol absorption coefficient and hygroscopicity
measurements of aerosol growth and light scattering). Measurements were also made of the particle chemical
composition, including refractory black carbon (rBC), and an extensive suite of research-grade instruments were
used to measure trace gas aerosol precursors, carbon monoxide, oxides of nitrogen, sulfur dioxide, and ozone
(Table S2). TCAP marks the second deployment of the MAOS and its first deployment with the AMF. During
TCAP, the MAOS observations were enhanced with an Aerodynamic Particle Sizer (APS) to measure the aerosol
size distribution for particles as large as 20μm. It should be noted that the transmission efficiency of the MAOS
system is 50% for particles approximately 8–9μm in diameter, and there was no special consideration for line
losses of large particles in the APS measurements.

Additional measurements of meteorological variables include a surface weather station, a Doppler sodar,
Doppler lidar, and a radar wind profiler (RWP) that can be used to provide profiles of wind speed and wind
direction from the surface to the boundary-layer top, augmenting other measurements made by the AMF.
The profile of wind speed, wind direction, and atmospheric thermodynamics were provided by radiosondes,
which were launched 4 times a day throughout the AMF deployment.

The ARM program encourages the deployment of additional instruments at its fixed or mobile sites that aug-
ment the standard instrumentation. During Phase 1 of TCAP a team of scientists from the University of
Colorado deployed two innovative differential optical absorption spectroscopy (DOAS) instruments: (1) the
two-dimensional (2-D) multi axis DOAS (2D-MAX-DOAS) instrument [Coburn et al., 2011; Ortega et al., 2015]
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that measures a number of trace gases in the column, including nitrogen dioxide (NO2), glyoxal (CHOCHO),
oxygen dimers (O4), formaldehyde (HCHO) as well as the Raman scattering probability and the AOD and
extinction profiles; (2) the light emitting diode cavity enhanced DOAS (LED-CE-DOAS) instrument [Thalman
et al., 2015; Thalman and Volkamer, 2010] that provides very sensitive near surface in situ measurements of
NO2, CHOCHO, and O4 with 1min time resolution.

2.3. WRF-Chem Configuration

To examine the air-mass history associated with the G-1 and King Air measurements, the Weather Research and
Forecasting (WRF) model [Skamarock et al., 2008] was run using two nested domains, an outer domain that
encompasses most of North America with a horizontal grid spacing of 36 km and an inner domain that encom-
passes the northeastern United States and southeastern Canada with a horizontal grid spacing of 12 km. The
simulation period was from 00 UTC 1 July to 00 UTC 26 July 2012. Initial and boundary conditions were based
on the National Center for Environmental Prediction’s Global Forecast System (GFS) model. Similar to, Berg et al.
[2015], the parameterizations used include the Morrison microphysics scheme [Morrison et al., 2009], the Kain-
Fritsch deep convection scheme [Kain, 2004; Kain and Fritsch, 1990] coupled to the Cumulus Potential shallow
convection scheme [Berg et al., 2013], the Community Atmosphere Model (CAM) radiation scheme, the Mellor-
Yamada-Janjić boundary layer scheme [Janjić, 1990, 2002], and the Noah land-surface scheme [Chen and
Dudhia, 2001]. Four-dimensional data assimilationwas applied above ~4 km above ground level (agl) using ana-
lyses from the GFS model so that the simulated synoptic conditions did not diverge from the observed large-
scale meteorological conditions. Seven day back trajectories originating along the G-1 flight path at 1min
intervals (horizontal separation of approximately 6 km assuming a 100ms�1

flight speed) were computed using
the FLEXPART model [Brioude et al., 2013] based on the WRF meteorological fields at hourly intervals.

2.4. General Meteorological Conditions

During Phase 1, the weather pattern over North America was dominated by a strong ridge of high pressure
over the central U.S., leading to severe drought in parts of the Midwestern U.S. and increased precipitation
over the Appalachian Mountains located in the mid-Atlantic states [Blunden and Arndt, 2013]. The area in
the vicinity of Cape Cod, however, received near-normal amounts of precipitation during the study.

Meteorological conditions for the flight days are summarized in Table 1. The predominant wind direction
100m above the surface at the AMF site (measured using the AMF’s Doppler lidar) was from the south-
southwest, with very few occurrences of winds from other directions (Figure 2). Flow from the southwest
to northwest tended to have greater aerosol concentration, as measured by the SMPS deployed with the

Figure 2. Box-and-whisker plots of particle loading for particles between 15 and 450 nm measured using the SMPS at the
AMF site as a function of wind direction during July 2012. Whiskers indicate the 90th and 10th percentiles, and boxes
indicate the 75th and 25th percentiles. The histogram of wind direction (inset) was measured at 100m above the site using
the Doppler lidar. Wind direction follows the standard meteorological convention so that northerly winds are from 0°.
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AMF MAOS, than was seen in cases with other wind directions. It should be noted that while periods with
easterly winds generally had smaller particle concentration, there are periods with flow from the east-
northeast and east-southeast that were associated with particle number concentrations of approximately
3400 cm�3 (Figure 2). This can be explained by the presence of a sea-breeze circulation within an internal
boundary layer that brings particle-laden continental air that has advected over the Atlantic Ocean back to
the field site at the base of the Cape Cod column.

The thermodynamic structure of the lower atmosphere has been examined and was found to have similar
characteristics on each of the 10 individual flight days during Phase 1. As an example, data collected on board
the G-1 and radiosondes on 17 and 22 July are shown in Figure 3. The in situ observations of temperature and
humidity show that the continental boundary layer was advected offshore with the prevailing westerly winds
observed at the AMF site. During summer days, the ocean temperature is generally cooler than the tempera-
ture over land. Thus, the source of boundary-layer turbulence was turned off, as the air is advected over the
ocean leading to the formation of a thick residual layer, similar to those that form over land during nighttime
[e.g., Stull, 1988]. While the vertical profiles of potential temperature and particle loading appear well mixed
within the residual layer, the layer was not turbulent (not shown). Often, a relatively shallow convective
boundary layer several hundred meters thick was observed over the AMF site on Cape Cod, which was likely
related to solar heating of the peninsula (as can be seen in the radiosonde temperature profiles in Figures 3a
and 3c). Over the ocean a statically stable internal marine boundary layer formed was only several hundred

Figure 3. Profiles of (a, c) potential temperature (θ) and (b, d) dew-point temperature (TD) measured on (Figures 3a and 3b)
17 July and (Figures 3c and 3d) 22 July using on board the G-1 (colors indicate time in UTC) and from the radiosonde
launched at 17:00 UTC from the AMF site (dashed line). Orange and green colors correspond to the maritime column, while
blue and purple indicate the Cape Cod column. The gray lines indicate the approximate boundaries of themarine boundary
layer, residual layer, and free troposphere. Conditions are representative of Phase 1 flight days, and these and similar plots
were used in conjunction with the HSRL-2 data to determine the residual layer depth.
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meters deep (Figure 3). In the context of this study, the residual layer was identified visually using plots of
aerosol backscatter measured by the HSRL-2 in combination with the vertical profiles of potential tempera-
ture and humidity measured by the G-1 and radiosondes.

3. Analysis of Selected Observations From Phase 1

One of the goals of TCAP was to observe aerosol properties under a wide variety of conditions, including per-
iods with both large and small aerosol loading and to quantify systematic differences in the aerosol micro-
physical and optical properties observed within the Cape Cod and maritime columns.

3.1. Differences in Aerosol Properties in the Cape Cod and Maritime Columns

The analysis presented in this subsection includes data collected on straight and level flight legs flown at alti-
tudes less than 400m during each of the Phase 1G-1 flights. This specific height range was selected to ensure
that all of the observations included in this particular analysis were within the residual layer making day-to-
day comparisons more meaningful. This treatment allows us to examine the variability of aerosol chemical

Figure 4. Mass loading of (a) organic, (b) rBC, and (c) sulfate as well as aerosol (d) extinction, (e) absorption, and (f) ω0 for
altitudes less than 400m in the Cape Cod (solid) and Maritime (hashed) columns. Box-and-whisker plots indicate the 95th,
75th, 50th, 25th, and 5th percentiles.
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and optical properties over the entire duration of Phase 1 as well as differences between the Cape Cod and
maritime columns (Figure 4). A number of features are evident in Figure 4. First, the mass loading of organic,
sulfate (measured by the AMS), and rBC (measured by the SP2) aerosol was much larger during the middle
part of the study (14 through 18 July; Figures 4a–4c). Likewise, the aerosol extinction and absorption mea-
sured using the Particle Soot Absorption Photometer (PSAP) and nephelometer (with the measured light
scattering adjusted using the measured Ångström exponent to match the wavelengths measured by the
PSAP) are also larger on these days (Figures 4d and 4e). Compared to conditions observed from 14 through
18 July, the aerosol mass loading and optical properties are moderate during the flights conducted on 9 and
13 July. Between 18 and 21 July there is a significant decrease in the aerosol mass loading and associated
decreases in the aerosol absorption and extinction. This behavior is consistent with the surface observations
from the Aerosol Chemical Speciation Monitor (ACSM) deployed at the AMF site (Figure 5). Second, during
the periods with small aerosol loading, the aerosol mass is dominated by organic aerosol with very small
amounts of sulfate aerosol and rBC (Figures 4a–4c). Third, there is evidence of a decrease in ω0 during the
cleaner period in the second half of the study (Figure 4f), suggesting that the remaining aerosol mass is pro-
portionally more absorptive than was seen in the first part of the study.

The data shown in Figure 4 also highlight the variability in the aerosol loading between the Cape Cod and
maritime columns, which is a function of a number of different atmospheric processes, including aerosol
aging and transport. However, there are no systematic differences between the mass loading and optical
properties between the two columns. In other words, the Cape Cod column, which is closer to emission
sources including Boston, can have either smaller or larger aerosol mass loading than was observed in the
maritime column on any given day. For example, on 9 and 13–15 July the mass loading of organic aerosol,
and rBC as well as the aerosol absorption and extinction are greater in the maritime column than in the
Cape Cod column (Figure 4). In contrast, on 18 July the mass loadings of organic aerosol and rBC along with
the aerosol absorption and extinction are smaller in the maritime column. There are also days for which there
are differences in the spatial trends between the organics and sulfate between the two columns (Figures 4a
and 4c). Similar spatial trends between the organic and sulfate loading (where both are either increasing or
decreasing with distance from the Cape Cod column) were identified on 50% of the flight days. It is worth
noting that there can be a great deal of variability within each individual column. An extreme example can
be found for the organics on 18 July, where the 95th and 5th percentiles of organic aerosol span 6.3μgm�3

(Figure 4a). On that same day, however, the span is much smaller in the maritime column, where the differ-
ence between the 95th and 5th percentile is only 2.6μgm�3.

The differences in the dry (relative humidity less than 40%) extinction and absorption observed in the two col-
umns are related to the aerosol mass loading as well as (to a lesser extent) the particle-size distribution (as will
be discussed below). There is a large degree of similarity between the column differences in extinction and the
organic mass loading (Figures 4a and 4d), which is not surprising given that organic aerosol dominates the total
aerosol mass. As expected there is a high degree of correlation between the rBC and the absorption (Figures 4b
and 4e), with the exception of conditions in the maritime column on 25 July. In this case the absorption mea-
sured using the PSAP in the column is much larger than that which is seen in the Cape Cod column, even

Figure 5. Aerosol mass loading of total organics, sulfate, nitrate, ammonium, and chloride measured by the ACSM at the
AMF surface site. Shaded areas indicate periods with research flights by the G-1 and King Air. Pie charts indicate aerosol
mass fractions measured at the AMF site during the time periods of the G-1 flights on 17 and 22 July.
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though there is little difference between the columns in regard to the mass loading of rBC (which is small in
both cases). One possible explanation for this behavior is the presence of relatively large particles in the mari-
time column, which could be too large to be observed by the SP2 (which is only sensitive to particles as large as
0.6μm in size [Sedlacek et al., 2012]). The median value of the scattering Ångström exponent computed for the
maritime column during this flight was 0.65. This is the smallest median value found during any of the TCAP
Phase 1 flights (for comparison the median Ångström exponent in the Cape Cod column was 1.7 on 25 July)
and is consistent with much smaller particles over land than in the maritime column.

The majority of aerosol seen during TCAP are weakly absorbing, and all but one of the median values of dry ω0

were found to be larger than 0.92 (Figure 4f). In the first half of the study the aerosol extinction was generally
more than an order ofmagnitude larger than the absorption (Figures 4d and 4e). In the second half of the study
the extinction was still much larger than the absorption, but the average ratio of absorption to extinction is a
factor of 1.8 and 2.0 larger in the Cape Cod and maritime column, respectively, during the latter flights. As a
result, the median values of dry ω0 are larger than 0.94 prior to 19 July, compared to median values as small
as 0.88 after that same date (Figure 4f). The values ω0 measured in situ are smaller than those derived using
the MFRSR, which had a mean value of 0.986 [Kassianov et al., 2013]. These differences are likely due to differ-
ences between the in situmeasurements of dry aerosol and the aerosol optical properties at ambient conditions
measured by the MFRSR.

3.2. Case Study of Aerosol Chemical Composition and Optical Properties

Two days, each with southwesterly near-surface winds at the AMF site (17 and 22 July 2012), have been selected
for additional analysis to highlight the utility of the integrated TCAP data set and to show how these measure-
ments can be combined to investigate a range of aerosol properties and their impact on the AOD. Both days
were clear over Cape Cod (as confirmed by a review of images from the Total Sky Imager deployed the AMF
site) and maritime columns (with the exception of some low-level stratus in the maritime column on 17 July),
allowing us to compare the in situ observations and measurements from the remote sensing instruments.

The in situ data can be used to determine how the chemical composition of aerosol in both the residual layer
and layers aloft varies, how it compares to observations made at the AMF site at the bottom of the Cape Cod
column, and how it is related to the aerosol optical properties. The near-surface aerosol mass loadingmeasured
by the ACSM at the AMFwas relatively large from 15 to 19 July 2012 and then decreased significantly (Figure 5).
On 17 July the average mass loading of nonrefractory aerosol was 8.9μgm�3 compared to only 2.0μgm�3 on
22 July. This change in mass loading was accompanied by a change in the aerosol composition observed at the
surface site. On 17 July, the aerosol measured by the ACSM at the surface site was a mixture of organics and
sulfate with some ammonium and nitrate. By contrast, the mass fraction changed significantly on 19 July,
and on 22 July it was dominated by organics with only very small amounts of sulfate and other components
(Figure 5). There are some differences in the aerosol mass loadings measured at the AMF site and on board
the G-1. The average aerosol mass loading observed on 17 July in the lowest leg over the Cape Cod column
was 4.4μgm�3, which is about three quarters of that seen at the AMF site (5.9μgm�3), but the airborne mea-
surement is a factor of 1.7 larger on 22 July (3.6μgm�3 measured on board the G-1 compared to 2.1μgm�3

measured at the AMF site). These differences are likely attributable to differences in the vertical structure of
the aerosol and the air-mass history. The mass fraction of nonrefractory aerosol measured by the airborne
AMS on 17 July is dominated by organics (73%), with 19% sulfate, 6% ammonium, and 3% nitrate at approxi-
mately 300m above mean sea level (msl). The lowest altitude leg of the column on 22 July (also approximately
300m above msl) is found to be higher in organics (82%), lower in sulfate (6%), and approximately the same in
ammonium and nitrates (7% and 4%, respectively) when compared to conditions on 17 July. These values are in
good agreement with the number fractions measured by miniSPLAT and ACSM at the AMF site (not shown).

The HSRL-2 data show the presence of aerosol layers aloft on both 17 and 22 July that are marked by
increased amounts of aerosol backscatter (Figures 6, S1, and S2, please note the change in scale between
the two figures). On 17 July there is a thick layer of large aerosol backscatter from the surface to an altitude
of approximately 3 km along the entire flight track (Figures 6 and S1). This layer corresponds to the residual
layer that is indicated by the potential temperature profile to extend from several hundred meters above the
surface to an altitude of 4 km (Figure 3a). On 22 July there is an aerosol layer between an altitude of 3 and
5 km that spans the distance between the two columns with a residual layer below an altitude of approxi-
mately 2.5 km (Figures 6 and S2).
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The aerosol mass loading (including mass loading of rBC) and aerosol optical properties within the Cape Cod
and maritime columns have a complicated vertical structure associated with the residual layer and aerosol
layers aloft (Figure 6). The measurements of chemical composition are presented next in several different
ways to document different aspects of the changes in the aerosol with both height and between the two col-
umns. Box-and-whisker plots of mass loading showing the 90th, 75th, 50th, 25th, and 10th percentiles of
aerosol composition concentration for the height bins that include the flight legs are shown in Figure 7
(AMS data) and Figure 8 (SP2 andminiSPLAT data) that quantify horizontal variability and vertical distribution
within each column. The horizontal bar plots presented in Figure 9 show the relative number fractions of par-
ticles with different compositions and mixing states measured by miniSPLAT along the flight legs. These data
show that the vast majority of individual aerosol particles were composed of internal mixtures of oxygenated
organics and sulfate, labeled in Figure 9 by the fraction of sulfates (10, 15, or 30% weight fraction and the

Figure 6. Aerosol backscatter at a wavelength of 532 nmmeasured by the HSRL-2 (background colors) for specific segments
of the King Air flight and the entire G-1 flight path (color coded by rBC mass loading) on (a) 17 July (corresponding
to Figure 7d) and (b) 22 July (corresponding to Figure 8b). Box-and-whisker plots (95th, 75th, 50th, 25th, and 5th
percentiles) correspond to ω0 distributions over the entire level transects indicated by the leg numbers. Dashed lines
indicate the top of the residual layer.
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dominant mass-spectral peak m/z= 44 or 43). In addition, miniSPLAT detected and characterized fresh and
aged soot particles, biomass burning (BB) aerosol, organic amines, and a small number of dust and sea-
salt particles.
3.2.1. 17 July: Large Aerosol Loading
On 17 July themass loading of organics, sulfate, and rBC decreased steadily with height in the Cape Cod column
through the top of the residual layer (Figures 7a, 7b, 8a, and 8b). The miniSPLAT data show that most observed
particles consist of organics mixed with various amounts of sulfate, regardless of location or altitude (Figure 9,
top). The aerosol layer aloft found above the residual layer that was sampled on Legs 10 and 11 on 17 July
(Figure 9, top) has relatively large fractions of sulfate and nitrate when compared to measurements made in
the residual layer, consistent with the AMS-measured mass loadings (Figures 7a and 7b). Based on increased
levels of enhanced biomass burning particles, it is likely that the layer aloft is associated with long-range trans-
port of aerosol produced, in part, by biomass burning as will be shown in section 5. In the maritime column on
17 July, the mass loading of organics remains large, as altitude is increased to 1.85 km, followed by a steady
decrease through the top of the residual layer (Figures 7a and 7b). In contrast, the sulfate (Figures 7a and 7b)
and rBC mass loadings (Figures 8a and 8b) and the relative fraction of soot particles and particles with higher
sulfate content (Figure 9a) decrease steadily with increasing height from the ocean surface through the top

Figure 7. Mass loading of organics (green), sulfate (red), and nitrate (blue) measured by the airborne AMS on (a and b) 17
and (c and d) 22 July in the (Figures 7a and 7c) Cape Cod and (Figures 7b and 7d) maritime columns. Filled symbols near the
base of the Cape Cod column represent surface measurements by the ACSM at the AMF site. Box-and-whisker plots indi-
cate 90th, 75th, 50th, 25th, and 10th percentiles of mass loading along G-1 flight legs (labeled by leg number and corre-
sponding to legs identified in Figure 9). Open symbols represent data taken during periods in which the aircraft was
ascending or descending that have been binned into height bins 100m thick.
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of the residual layer. In contrast to the rBC, the median ω0 values (calculated using data from the nephelometer
and PSAP) for Legs 9, 10, and 11 on 17 July in the Cape Cod column are nearly the same despite the larger rBC
concentration observed in Leg 9 (Figure 6a) indicative of changes in both the rBC and mass loading of less
absorptive aerosol. Leg 3, close to the ocean surface, has a high mass loading of rBC, and small values of ω0,
(Figure 6a) well as larger number concentrations and larger relative number fractions of both aged soot and bio-
mass burning aerosol (Figure 9a). It is likely that this leg intercepted a ship plume. As expected, there is also a
good correlation between the rBC and the aerosol absorptionmeasured during the entire flight on 17 July mea-
sured using the SP2 and PSAP, respectively. On this day, the mass absorption coefficient (MAC—defined as the
slope of the line in Figure 10) is found to be 7.4m2g�1, which is consistent with the value of 7.5 ± 1.2m2g�1

that has appeared in the literature [e.g., Bond and Bergstrom, 2006; Clarke et al., 2004].
3.2.2. 22 July: Small Aerosol Loading
Data from the AMS on the G-1 and AMF ACSM indicate that the near-surface aerosolmass loadingswere smaller
on 22 July than on 17 July (Figures 4 and 5). Data collected on the G-1 on 22 July suggest that this observation is
consistent with conditions through the entire Cape Cod column (Figure 7c). The aerosol number fractions

Figure 8. Mass loading of rBC (open circles) measured by the airborne SP2 and number fraction of aged soot (red circles) and
biomass burning (BB) aerosol (yellow circles) measured by the airborne miniSPLAT on (a and b) 17 and (c and d) 22 July in the
(Figures 8a and 8c) Cape Cod and (Figures 8b and 8d) maritime columns. Filled black symbols near the base of the Cape Cod
column represent surfacemeasurements by the SP2 at the AMF site. Box-and-whisker plots indicate 90th, 75th, 50th, 25th, and
10th percentiles of rBC mass loading along G-1 flight legs (labeled by leg number and corresponding to legs identified in
Figure 6). Open symbols represent data taken during periods in which the aircraft was ascending or descending that have
been binned into height bins 100m thick.
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(Figure 9, bottom) are again dominated by organics mixed with varying amounts of sulfate, although the num-
ber fraction of organics mixed with high levels of sulfate is much smaller than on 17 July, especially for Legs 4, 5,
and 12. The mass loading of organics and sulfate is relatively constant with height in the Cape Cod column until
the residual layer boundary is approached (Figures 7c and 7d), at which point it decreases. It is also important to
note that the mass loading of rBC and number concentration of BB are much smaller on 22 July than is seen on
17 July. In the Cape Cod column on 22 July, the rBC mass loading and number concentration of biomass burn-
ing aerosol are, however, much larger near the bottom of the column (Leg 10) and decrease significantly, as

Figure 9. Number fraction of various aerosol chemical mixtures measured on board the G-1 in the Cape Cod and Maritime
columns using miniSPLAT for specific legs identified in Figure 6 on (top) 17 July and (bottom) 22 July. Dashed black lines
separate legs found in elevated layers and the residual layer.

Figure 10. Distribution of aerosol absorption as a function of mass loading of rBC for (rainbow) 17 and (black yellow) 22
July measured at all attitudes along the G-1 flight track. The first contour interval represents a count of 5, and the con-
tour interval is 5.
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height is increased to 1 km. Within the maritime column, the organics mass loading is highest near the top of
the residual layer (Figures 7c and 7d), and this section of the flight pattern (Leg 5) intersected a layer that is
visible in the HSRL-2 data (Figure 6b). The layer has relatively large mass loading of rBC and large number con-
centrations of aged soot and biomass burning aerosol (Figures 8c and 8d) and is likely associated with forest
fires and long-range transport of aerosol, which will be discussed in the next subsection. The number fraction
of organics mixed with small amounts of sulfate is larger in this layer than was found at lower altitudes, but the
number of particles with higher sulfate fractions is reduced. The aerosol layer aloft seen by the HSRL-2 above the
residual layer appears to span both columns but ismore pronounced in the Cape Cod column. Data collected by
instrumentation on board the G-1 show that this layer has increased mass loading of sulfate, nitrate (as mea-
sured by the AMS), and rBC (as measured by the SP2), as well as larger number concentrations of biomass burn-
ing aerosol and to a lesser extent aged soot. This suggests that this layer is associated with long-range transport
of aerosol to the Cape Cod column. However, little evidence is seen of increasedmass loading of organic aerosol
at this altitude in themaritime column. The increase in the relative fraction of absorbing aerosols (aged soot and
BB particles) is consistent with the corresponding smaller ω0 values found on Leg 6 (Figure 6b). The MAC
(7.4m2 g�1) derived from the PSAP measured absorption and SP2-measured rBC mass loading collected on
17 July is consistent with the majority of the aerosol observed on 22 July, as indicated by the large number
of counts near the origin (Figure 10). Occasionally, there are observations for which the absorption coefficient
ranges from 1 to 2Mm�1 for very small values of rBC (less than 0.05μgm�3). These points could be related
to a number of different factors, including uncertainty in the PSAP measured absorption.

3.3. Model Back Trajectories

An analysis of 7 day back trajectories computed using WRF-Chem indicates differences in the air-mass history
between the two columns on 17 and 22 July that can help explain the differences in aerosol loading and
composition seen on the different days (Figure 11). On 17 July (Figure 11) the back trajectories from the
Cape Cod column are initially from the northwest at all altitudes. In contrast, the initial low-altitude back
trajectories in the maritime column are more convoluted. A slow moving high pressure system over the
northeastern U.S. led to counter-clockwise circulation of air in the lower troposphere over the mid-Atlantic
and New England states. The relatively long residence times over this region suggest that a buildup of aged
aerosols from multiple anthropogenic, biogenic, and biomass burning emission sources over the northeast-
ern U.S. contributed to the high aerosol extinction within the residual layer observed by the HRSL-2. The back
trajectories also indicate that Boston is likely the largest anthropogenic source contributing to the residual
layer aerosols over the AMF site, while other urban sources closer to New York City likely contribute a large
fraction of aerosols within the maritime column. In contrast, the longer trajectories originating above the resi-
dual layer reflect the larger wind speeds in the free troposphere. These air masses pass over western Canada
and the north central U.S. before arriving over the TCAP sampling region. The model suggests that the aero-
sol layer between 3 and 4 kmmsl over the AMF site was subject to biomass burning emissions from large fires
in western Canada that occurred over several days prior to 17 July. This is consistent with a relatively large
number fraction of biomass burning aerosol number concentration from miniSPLAT measurements within
the aerosol layer aloft over the AMF site (Figure 8a). The air mass in the free troposphere over the maritime
column also passes over the biomass burning sources in Canada, but at higher altitudes that are likely beyond
the vertical extent of mixing and injection heights of the fires and therefore contains relatively small
aerosol concentrations.

On 22 July (Figure 11e), the 7 day back trajectories indicate northwesterly winds above 1.5 km msl and east-
erly winds below 1.5 km msl. Within 1.5 km of the ocean, the back trajectories suggest a local recirculation
was possible one to two days prior to the G-1 flight. Relatively low aerosol concentrations were observed
close to the ocean surface since those back trajectories passed over eastern Quebec between 16 and 19
July where anthropogenic emissions are very small, and there were few fires. HSRL-2 measurements show
thin layers of extinction within 1 km of the ocean, but the trajectory analysis indicates that these layers likely
result from the recirculation of aerosol from local sources in Rhode Island and southern Massachusetts, either
from small cities or small fires observed near the coast. The air mass above 1.5 kmmsl in the maritime column
passes over Ontario and Quebec before being transported into the TCAP sampling region. The aerosol layer
at approximately 2 km msl with the highest extinction over the maritime column also contained relatively
large number fraction of biomass burning particles (Figure 8d). Many of the back trajectories originating at
this altitude passed over large biomass burning sources in both eastern and western Ontario. Some of the
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trajectories for the Cape Cod column above 1.5 km are similar to those over the maritime column; however, a
large fraction of trajectories also pass over the western U.S. where the fire sizes were much smaller than the
Canadian fires. Therefore, the aerosol layer between 3 and 3.5 kmmsl over the AMF site had somewhat lower
extinction and lower biomass burning number concentrations (Figure 8c) because of upwind mixing of dif-
ferent air masses, with many of the back trajectories having passed over the western U.S. where the fire sizes
were much smaller than the Canadian fires.

Figure 11. Back trajectories computed using the WRF model for the Cape Cod (red) and maritime (blue) columns on (a–d)
17 and (e–h) 22 July. Figures 11a and 11e indicate parcel trajectories for air parcels originating above the residual layer on
(Figure 11a) 17 July or from heights greater than 1.5 km on (Figure 11e) 22 July with the location andmagnitude of wildfires
during the 7 days before the G-1 flight indicated by the location and size of the green dots. Dates indicate selected parcel
locations along a typical trajectory. Figures 11b and 11f are similar, but for points originating within the residual layer on
(Figure 11b) 17 July or from heights less than 1.5 km on (Figure 11f) 22 July. Figures 11c, 11d, 11g, and 11h are longitudinal
cross sections consistent with the cross sections shown in the other panels.
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3.4. Relationship to ICARTT and TARFOX

As described in section 1, the ICARTT study was focused on measuring trace gases and aerosol resulting from
North American anthropogenic emissions and their eastward transport from North America to the northern
Atlantic Ocean. Many of the ICARTT flight tracks encompassed the same region as the TCAP flights [Fehsenfeld
et al., 2006], and it can be useful to compare a relevant subset of the ICARTT results with those from TCAP. The
general thermodynamic structure of the atmosphere over the ocean was consistent during both studies, with
a relatively thin stable layer observed near the ocean surface during TCAP (Figure 3) and ICARTT [e.g.,
Angevine et al., 2006]. The aerosol during ICARTT was also dominated by mixtures of organics and sulfate.
Murphy et al. [2006] presented data collected using particle analysis by laser mass spectrometry at a number
of locations around the globe, including observations from ICARTT, which showed that over 90% of the accu-
mulation mode particles were a mixture of organics and sulfate. Similar results were found using miniSPLAT
during Phase 1 of TCAP, where the vast majority of particles (median number fraction of 86% for observations
made at altitudes less than 400m) were composed of internal mixtures of organics and sulfate.

ICARTT also included the deployment of the R/V Ron Brown [Fehsenfeld et al., 2006], which was equipped with
an AMS similar to the AMS on the G-1 and the ACSM deployed at the AMF site. Measured organic aerosol con-
centrations at the TCAP AMF site during Phase 1 ranged from values as small as 1μgm�3 to as large as
11μgm�3. The peak concentrations observed during TCAP are comparable to those observed on board
the R/V Ron Brown during periods when sampling was conducted in urban plumes [Quinn et al., 2006]. The
sulfate loading was generally smaller during TCAP than was seen during ICARTT (likely associated with
changes in SO2 emissions that occurred between 2004 and 2012 that are associated with changing air-quality
regulations). The average sulfate mass loading measured at the AMF site was 0.78μgm�3 with a standard
deviation of 0.86μgm�3. In contrast, observations taken at the University of New Hampshire Atmospheric
Observatory at Thompson Farm (located near Durham, NH) during ICARTT were 3.6μgm�3 with a standard
deviation of 5.1μgm�3 [Cottrell et al., 2008].

Evidence of biomass burning plumes was found during ICARTT. Based on measurements from their particle-
into-liquid sampler (PILS) that was coupled with a total organic carbon analyzer, Sullivan et al. [2006] reported
finding biomass burning plumes at altitudes between 3 and 4 km. This result is similar to the observations
made during TCAP, where elevated plumes with enhanced biomass burning aerosol (as measured by
miniSPLAT) were sampled.

TARFOX was conducted during July 1996 and included the deployment of a number of research aircraft
[Russell et al., 1999a]. Hegg et al. [1997] reported a median AOD value of 0.36 at a wavelength of 405 nm
for an atmospheric slab ranging from near the surface to as high as 3.8 km. In comparison, the AOD at a wave-
length of 413.6 nm measured over the depth of the atmospheric column at the TCAP AMF site had a median
value of 0.16, and approximately 81% of all values of AOD observed during Phase 1 were less than 0.36. These
differences in AOD could be caused by a wide range of factors ranging from different transport patterns, geo-
graphic dependence, and reductions in emissions between 1996 and the TCAP study period.

The following section will build on the analyses presented in section 3 and investigate the role of aerosol
layers aloft on the observed AOD.

4. Analysis of Aerosol Layers Aloft

To better understand the frequency of occurrence and altitudes of aerosol layers over the study area, a 4 year
climatology of aerosol layer altitude was compiled prior to TCAP using data from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) [Chand et al., 2008; Vaughan et al., 2009]. This analysis
utilized satellite data collected in July between 2007 and 2010 over the Atlantic Ocean for the region spanning
40–44°N and 68–72°W (Figure 12)—a much longer study period than is possible using only data from studies
such as ICARTT and TARFOX. By comparing the aerosol layer top and thickness (which is also computed from
the satellite data), aerosol layers aloft can be identified. Specifically, an aerosol layer is classified as being a layer
aloft when its thickness is less than two thirds of the height of the top of the layer. For example, if the top of the
layer is determined to be 1 km then the layer thickness would need to be less than 0.6 km for the layer to be
defined as aloft. It should be noted that some deep aerosol layers, which may in reality consist of different inde-
pendent aerosol layers, may be misidentified as a single layer leading to individual layers as thick as 4 km. Such
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layers, however, account for only a small number of observations and do not change the interpretation of the
results. The distribution of the aerosol layer tops derived from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) is multimodal in the summer. The data (Figure 12) shows one peak near 0.5 km and a sec-
ond peak near 2 km with a significant number of aerosol layer tops between 2 and 4 km above the surface.
Figure 12 shows the distribution of aerosol layer tops for layers aloft (filled bars) and shows that nearly all of
the aerosol layer tops observed between 1.5 and 5 km are associated with layers aloft during July.

The airborne HSRL-2 backscatter data show an aerosol layer aloft between 3 to 6 km agl (Figure 6) that is advected
into the Cape Cod column on 17 July 2012. The passage of this layer is consistent with the change in AOD
observed at the AMF site at the base of the Cape Cod column using the NOAA-MFRSR (Figure S3). These condi-
tions of rapidly changing AOD were not unique during Phase 1. As pointed out by Kassianov et al. [2013], there
were a number of days during Phase 1 in which the AODmeasured at the AMF site changed significantly through-
out the day, which had a large impact on the direct aerosol radiative forcing observed at the surface site.

The HSRL-2 is able to measure the aerosol extinction as a function of height, and the contribution of indivi-
dual layers of the atmosphere to the columnar AOD at 532 nm can be determined by integrating over the
layers of interest. Figure 13 shows the fractional contribution to AOD from aerosol above and below
2.64 km. This is obtained by normalizing the fraction of column AOD in each 150m altitude range for each
lidar profile by the total column AOD to remove the impact of horizontal or day-to-day variability in the repre-
sentation (i.e., the lidar extinction “curtain” has been divided by column AOD on a profile-by-profile basis to
preserve information on vertical variability). The fractional contribution is then integrated for the upper and
lower portion of the column separately. The split at 2.64 km is chosen with reference to Figure 6a, which
shows a local minimum in the aerosol backscatter that lies between the residual layer and the aerosol layer
aloft. The contribution to the AOD from both layers (from the surface to 2.64 km and from 2.64 km to the
highest altitudes seen by the HSRL-2, approximately 8 km) can be compared. In the maritime column on
17 July nearly all of the AOD is associated with aerosol below an altitude of 2.64 km (Figure 13a). That is
not the case within the Cape Cod column, where the AOD associated with the aerosol layer aloft represents
as much as 40% of the total AOD within the column.

Figure 12. Probability density function of aerosol layer top altitudes derived from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellite for July 2007–2010 for all aerosol layers (open) and elevated aerosol
layers (filled).
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In contrast to the conditions on 17 July, 22 July was marked by much smaller aerosol loading (Figure 5) and
aerosol backscatter (Figure 6) in both columns. The columnar AODmeasured by the MFRSR at the surface site
is nearly constant throughout the day. The residual layer is less well mixed than was found on 17 July and
some aerosol layers are evident within and above the residual layer, with the predominant ones occurring
between 0 to 2.4 km and 2.9 to 5 km (Figure 6). The G-1 flight pattern intersected both of these layers in each
of the columns. Similar to the analysis presented for 17 July, the HSRL-2 measurements of extinction coeffi-
cient were integrated over individual layers to yield the contribution of aerosol in each layer to the column
AOD (Figure 13b), and, by chance, an altitude of 2.64 km was applicable as a discriminator of the residual
and layers aloft in this case as well. Both layers make a significant contribution to the column AOD, with
the layer above 2.64 km contributing up to as much as 60% of the column AOD. As that layer becomes geo-
metrically thinner on the eastern edge of the flight pattern, the contribution is reduced somewhat, but it still
contributes approximately 30% of the column AOD on both days.

While the preceding analysis is focused on results from 2 days, data from all six cloud-free days sampled dur-
ing TCAP Phase 1 were also analyzed. On each day, the depth of the residual layer was determined visually
using a combination of data from the HSRL-2 and radiosondes. The contribution to the AOD from each
HSRL-2 range gate was computed using the same methods applied on 17 and 22 July. Based on this analysis
the presence of aerosol layers aloft that contribute 20% or more to the total AOD were observed on 4 of 6
clear days sampled during Phase 1 (Figure 14). On a number of days, the contribution to the AOD from layers
above the residual layer contributed nearly 60% of the AOD. There are also periods on 25 July when the layers
aloft contribute more than 80% of the AOD, but this particular result should be viewed with caution because
of the relatively small AOD observed on that day.

The contribution of the layers aloft to the AOD was found to be a function of distance from shore (Figure 14).
On 17, 22, and 25 July the contribution to the AOD from the aerosol layers aloft ranged between 40 and 60%
over the AMF site, while further offshore the contribution was much smaller (between 0 and 30%). As
discussed previously, the change on 17 July is due to an aerosol layer aloft advecting over the site. The
22 July has a number of persistent layers, but the layer aloft thins with distance from the coast. Conditions
are different on 25 July, where the aerosol loading and extinction in the residual layer is relatively small,
particularly in the eastern half of the flight pattern, leading to relatively large contributions from the aerosol
above the residual layer. Conditions on 21 July were unique, with a relatively large contribution to the AOD
from the layers aloft that was nearly constant with distance from the coast. These results regarding the spatial
distribution of the AOD should be viewed with some caution, and it should not be assumed that the AOD

Figure 13. Fractional contribution to column AOD by the layer from the surface to a height of 2.64 km (black) and by the
layer from 2.64 km to the top of the HSRL-2 data (red) on (a) 17 and (b) 22 July 2012.
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associated with layers aloft is always larger near the coast, rather that there can be large spatial gradients of
AOD near the coast of North America that need to be accounted for to accurately simulate the role of aerosol
in the climate system.

5. Discussion of Future Opportunities

The results presented in section 3 are focused on only a small part of the data collected during Phase 1 of
TCAP, but they serve to highlight how the multiplatform data set can be used to better understand the radia-
tive impact of aerosol, including relationships between the aerosol optical properties, mass loading, and che-
mical composition. Subsequent papers are planned that will describe Phase 2 (winter time) measurements in
more detail, as well as documenting the seasonal cycle of the aerosol and cloud properties near Cape Cod,
MA. We also anticipate the data set is well suited to address a wide variety of climate investigations related
to both cloud and aerosol of interest to the climate science community; specific examples of some of these
uses are briefly described below.

5.1. New Observations From Scanning Cloud Radars

In a previous study, Feingold et al. [2003] used data gathered from a number of instruments at the ARM
Southern Great Plains site, including a cloud radar, to document aerosol indirect effect in clouds over the that
site. More advanced scanning ARM cloud radars (SACR) [Bharadwaj et al., 2011; Kollias et al., 2014a] were
deployed with the AMF for the first time during TCAP and provide an unprecedented view of the 3-D cloud
fields in the vicinity of the AMF site. When coupled with the wide range of cloud and aerosol data collected
within the Cape Cod column, TCAP will provide a useful data set for further investigations of cloud-aerosol
interactions as well as evaluation of cloud statistics derived from large-scale models. Details of the scan stra-
tegies and data processing can be found in Kollias et al. [2014a], Kollias et al. [2014b], and Lamer et al. [2014].

The first example from the SACR is a case (Figure 15, top) with a broken fair-weather cumuli field with bases
between 3 and 4 km observed on 27 July 2012 (just after the last G-1 flight). In this case, the SACR is located
at zero range and height (first two dimensions), and clouds advect over the radar with time (third dimension).
The SACR gridded observations show the microscale (internal cloud structure) and macroscale (e.g., cloud
aspect ratio, boundaries, and spacing) of the boundary layer clouds. The second example is the same case as
presented by Lamer et al. [2014] and shows a vertical cut of the gridded 3-D field for a deck of stratocumulus
clouds with a vertical extent of less than 500m that were observed on 19 November 2012 (Figure 15,
bottom). The relatively low observed reflectivity in this stratocumulus cloud layer challenged the SACR’s detect-
ability threshold resulting in an apparent gradual reduction of the observed cloud thickness with range. Despite
this limitation [Lamer et al., 2014], the gridded SACR observations can provide valuable information about cloud
structure needed for evaluating both high-resolution simulations and for testing cloud parameterizations.

The SACR is complemented by the vertically pointing W band ARM cloud radar. This radar system has
participated in a number of different AMF deployments and can be used to measure the cloud boundaries,

Figure 14. Fractional contribution to the total AOD associated with elevated layers derived from the HSRL-2 data for six
clear-sky days as indicated in the legend. Heights shown in the legend are the top of the residual layer obtained from
the HSRL-2 data and in situ thermodynamic profiles.
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cloudmicrophysical properties, and the strength of updrafts and downdrafts within the cloud. When coupled
with the aerosol measurements made at the surface, estimates of the aerosol indirect effects can be made
following the work of Feingold et al. [2003] that account explicitly for the cloud dynamics and the aerosol
loading [e.g., Berg et al., 2011]. The scanning Doppler lidar can be used to provide the structure of the sub-
cloud vertical velocity at high temporal and spatial resolution, providing a link between the subcloud and
cloud-layer drafts and allowing for the determination of instances in which the clouds are turbulently
coupled to the surface.

5.2. Radiative Impacts of Aerosol

Data from TCAP are being used in a wide range of investigations of aerosol and their radiative impacts.
Section 4 describes the use of data derived from the HSRL-2 as applied in identifying and characterizing aero-
sol layers aloft, but new retrievals of key components of the aerosol size distribution are under development
[e.g.,Müller et al., 2014] that can provide detailed information about the aerosol size distribution over signifi-
cant depths of the atmosphere. The 4STAR is a powerful tool that can be used to determine the AOD and
other pollution proxies such as O3 and NO2 [Segal-Rosenheimer et al., 2014]. Using the TCAP flight plan, the
4STAR can provide the AOD of specific atmospheric layers by comparing values collected at different alti-
tudes [e.g., Segal-Rosenheimer et al., 2014; Shinozuka et al., 2013]. The miniSPLAT provides a tool to look at
the impact of aerosol mixing state on the observed aerosol optical properties.

The surface-based measurements made during TCAP have been used to investigate the impact of diurnal
changes in AOD on the radiative forcing [Kassianov et al., 2013] and the seasonal variability in the aerosol hygro-
scopicity, ω0, and scattering Ånström exponent [Paluch, 1979]. A number of optical closure studies that build on
the results of Shinozuka et al. [2013] and Volkamer et al. [2015] are planned that utilize data from both the remote
sensing instruments and the surface and airborne in situ measurements (including those related to aerosol

Figure 15. Examples of 3-D gridded radar reflectivity fields from the Ka-band SACR using CW-RHI observations during
TCAP. (top) A cumulus field sampled on 27 July 2012 and (bottom) a stratus cloud sampled on 19 November 2012.
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mixing state) made during both Phase 1 and Phase 2 [e.g., Kassianov et al., 2014; Kassianov et al., 2015]. These
observations will then be compared to simulations completed using a suite of atmospheric models ranging from
particle resolvingmodels to GCMs andwill be used to documentmodel performance and suggest improvements
that could be made to the parameterizations related to aerosol and aerosol optical properties. For example,
within the global Community AtmosphereModel version 5 (CAM5) BC aerosol is assumed to be coatedwith both
sulfate and secondary organic aerosols [Liu et al., 2012], and additional assumptions are made to determine the
optical properties of tropospheric aerosol [Neale et al., 2012]. Data from TCAPwill be used to evaluate simulations
from both WRF-Chem and CAM5 and to test the parameterizations that are routinely applied.

6. Summary and Conclusions

TCAP was a unique yearlong field program designed to investigate a number of important climate related
science questions, including those related to aerosol mixing state, aerosol radiative forcing, and cloud-
aerosol interactions. TCAP builds on a number of previous field studies through the deployment of new
instruments that can provide unprecedented information about details of the aerosol chemical composition
and mixing state in conjunction with the aerosol size distributions and optical properties at both the surface,
as measured by the U.S. Department of Energy’s AMF and aloft using research aircraft.

The analysis of aerosol chemical and optical properties in the Cape Cod and maritime columns highlights the
large amount of temporal and spatial variability in the aerosol chemical and optical properties with distance from
the coast. Aerosol mass loading varied greatly over the course of the study, with the median value of organic
aerosol mass loading varying by a factor of nearly 8 between the days with the greatest and least aerosol loading.
The mass fractions of the aerosol also changed, with very small amounts of sulfate containing aerosol in the sec-
ond half of the study. The median dry ω0 was found to be greater than 0.92 on all but one flight day, but there
was also a decrease in ω0 during the second half of the study. There were no systematic differences found
between the aerosol chemical and optical properties observed in the bottom 400m of the two columns. In some
cases aerosolmass loadingwas greater in the Cape Cod column, and in other cases the loadingwas greater in the
maritime column, depending on the atmospheric transport patterns as well as other processes such as aerosol
aging and formation [e.g., Knote et al., 2014]. The large amounts of temporal and spatial variability in the TCAP
data highlight the challenges in accurately simulating the aerosol downwind of North America.

To demonstrate the value of the integrated TCAP data set, two days with very different aerosol loading were
selected for detailed analysis of theω0, aerosol chemical composition, and aerosol mixing state. Regardless of
the mass loading, location, or altitude, the aerosol number fraction was dominated by organics mixed with
various amounts of sulfate. The largest variability in the aerosol chemical composition was associated with
the loading of rBC, nitrate, aged soot, and biomass burning aerosol. The preliminary results presented
here indicate that the ω0 did not vary significantly with distance from shore, or with the aerosol loading,
and was consistent with the observed aerosol mass loading of absorbing and scattering aerosol measured
using the combination of a number of instruments, including the SP2, AMS, and miniSPLAT. There were,
however, variations in the ω0 with height, with the smaller observed ω0 values associated with the lowest
altitudes flown by the G-1 (due most likely to ship plumes or other isolated sources), and with aerosol layers
aloft (associated with changes in the relatively small amount of rBC and biomass burning aerosol (due most
likely to biomass burning over western Canada, western United States, and/or central Canada). Additional
analysis is planned to determine if this result is unique to these two days or is consistent throughout the
entire study.

One important result from TCAP is the occurrence aerosol layers aloft found above the residual layer during
the study period. Aerosol layers aloft particularly those with increased amounts of absorbing aerosol can
affect the atmospheric stability by changing the heating profile within the atmospheric column. The layers
observed during TCAP occurred on four of six clear-sky research flights, and the layers aloft were found to
contribute up to 60% of the total AOD within the atmospheric column. On the 2 days selected for detailed
analysis, the chemical composition of the aerosol in the layers aloft had increased amounts of rBC, sulfate,
nitrate, and biomass burning aerosol compared to aerosol found within the residual layer. Additional studies
will focus on the analysis of regional-scale WRF-Chem and global CAM5 simulations to determine if the aero-
sol treatments in these models can capture the presence of these layers and their radiative impact.
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